Intact protein bodies were isolated from dry castor bean seeds (Ricinus communis L.) after homogenization in monaqueous medium. After repeated washing with glycerol to remove trapped lipid globules, the soluble matrix proteins were removed by the addition of aqueous buffer. The storage proteins of seeds were localized primarily in the organelles known as protein bodies. As summarized by Pernollet (19) three common structural types are recognized, those containing only amorphous protein, those which contain phytin globoids, and those with both phytin globoids and proteinaceous crystalloids. The protein bodies of the castor bean endosperm are of the best type (19, 30). All protein bodies are bounded by a single limiting membrane which is not always clearly visible in electron micrographs (but see Fig. 1 ).
galactose had no effect on the equilibrium density of the membrane. Electron microscopy revealed a highly pure and uniform collection of membrane vesicles. No The storage proteins of seeds were localized primarily in the organelles known as protein bodies. As summarized by Pernollet (19) three common structural types are recognized, those containing only amorphous protein, those which contain phytin globoids, and those with both phytin globoids and proteinaceous crystalloids. The protein bodies of the castor bean endosperm are of the best type (19, 30) . All protein bodies are bounded by a single limiting membrane which is not always clearly visible in electron micrographs (but see Fig. 1 ).
The protein body membrane of developing cereal seeds such as maize appears to be closely related to the RER and may even have attached polyribosomes which are actively engaged in storage protein synthesis (10) . Very little research has been reported on the characteristics of the protein body membrane from the dry seed. Youle and Huang (34) briefly described the separation of a crude membrane fraction from castor bean protein bodies isolated with hexane. The protein body membrane from such seeds is of particular interest since during germination the hydrated protein bodies fuse and form the vacuole (2, 29) . Presumably, the membrane gives rise to the tonoplast or vacuolar membrane. The isolation of the protein body membrane from castor beans allows the characterization of a precursor to the tonoplast as well as contributing to our understanding of storage protein utilization. (6) . Samples containing 50 to 100,ug protein were prepared for electrophoresis in 1% SDS, 10%lo sucrose, 10 mm Tris-HCI (pH 8.0), 1 mm EDTA (pH 8.0), and 10,ug/ml pyronin Y. Forty mm DTT was included in some samples which were incubated at 37 C for 20 to 60 min, to reduce disulfide bonds. Electrophoresis was performed at 8 to 10 mamp/gel in a Bio-Rad model 150 gel electrophoresis cell. Gels were stained for protein with Coomassie blue or for carbohydrate using the PAS2 procedure as described (6) . For mol wt approximations, the SDS gels were calibrated with the following known proteins: BSA, 68,000; ovalbumin, 44,000; aldolase, 40,000; glyceraldehyde-3-P dehydrogenase, 35,000; chymotrypsin, 25,700; myoglobin, 17,200; and Cyt c, 12,400.
MATERIALS AND METHODS
Phospholipids. Lipids were extracted from membrane preparations according to Bligh and Dyer (3). For each l-ml membrane fraction, 3 ml of methanol-chloroform (2:1, v/v) was added, mixed, and placed on ice for 5 min. One ml chloroform and 1 ml H20 were then added and the chloroform phase was washed twice with 1.5 ml water and then concentrated under N2. The extracts were applied to TLC plates (E. Merck silica gel 60) which had been prerun in chloroform-methanol (2:1) overnight and activated at 100 C for 1 h. Chromatography in chloroform-methanol-10 N NH40H (65:35:4.5) gave a good separation of the phospholipids (32) . Phospholipids or neutral lipids were visualized by 12 vapor, a phospholipid spray (1) or ninhydrin (1) and identified by cochromatography with a series of phospholipid standards. For phosphorus analysis, regions of the silica gel were scraped off and transferred to a test tube. Perchloric acid was added directly to the silica gel and the tube heated to facilitate digestion. The phosphorus content was assayed by a modification of the Bartlett method (4).
RESULTS
Membrane Isolation. Figure 1A shows the protein body in a section of endosperm tissue from the dry seed and the membrane is clearly seen in the enlargement of Figure lB. Isolation and purification of protein body membranes was accomplished in four basic steps.
a. Protein bodies were isolated and purified by the nonaqueous procedure originally introduced by Yatsu and Jacks (33) . This method, using glycerol, was preferred to alternatives in which acetone (24) or hexane (34) Figure ID , the membrane remained associated with the insoluble protein (crystalloids) which was recovered in the pellet after centrifugation at 250g. No significant amount of membrane was detected in the supernatant fraction when this was examined by electron microscopy and phospholipid analysis.
c. The membrane was separated from the crystalloids by sonication (see under "Materials and Methods") and the pellet then recovered after centrifugation at 250g was principally composed of crystalloids without the membrane (Fig. IE) . A variety of contaminating material remained at the top of the sucrose gradient (Fig. 2B ) but the membrane fraction itself ap-peared quite uniform and pure as judged by electron microscopy (Fig. 2, C and D) . The purified membrane fraction was composed primarily of closed membrane vesicles 250 to 350 nm in diameter which under high magnification present the usual tri-partite image characteristic of biological membranes. Since the density of the membrane could possibly have been affected by contamination with the soluble lectins or by association with remnants of the insoluble crystalloid protein, membrane preparations were treated with 0.25 M galactose (to release lectin binding [18] ) or with 1 M KCI, or 6 M urea (to solubilize crystalloid protein [30] ). None of these treatments had a significant effect on the equilibrium density of the membrane. As shown in Table I the protein recovered in the purified membrane fraction represents less than 0.1% of that in the protein bodies. Even if only 50%1o of the protein body membrane was recovered in the purified fraction (a conservative estimate) it is clear that the contribution of the membrane to the total protein (and to the total enzyme activities described below) is exceedingly small.
Enzyme Activities. Although most of the hydrolytic enzyme activities in the endosperm develop after germination has begun, the dry seed has low amounts of peptidases, partly associated with the protein bodies (31) . Assays of these and other enzymes were carried out on the three fractions obtained from the protein bodies to determine if any were specifically associated with the membrane and to assess the degree of contamination by other cell constituents. As shown in Table I , no enzyme marker for the membrane was found; by far the largest percentage of total activities measured were present in the soluble and crystalloid fractions. The enzymes with the highest activities were acid phosphatase and malate dehydrogenase. These enzymes show very high activities in crude extracts and the activities observed in the membrane fraction probably represent a trace of soluble contaminants trapped in the membrane vesicles (Fig. 3) . No acid lipase was present in the membrane fraction showing that it was uncontaminated by spherosome membranes and the lack of NADH-Cyt c reductase shows that no membrane vesicles derived from the ER were present. The lack of catalase and fumarase shows that there was no mitochondrial or glyoxysomal contamination in the protein body preparation.
Gel Electrophoresis. Typical SDS electropherograms of membrane proteins are shown in Figure 4 . For comparison, those of soluble and crystalloid proteins are also shown and these display the characteristics described by previous workers (30, 35). The major bands at mol wt -125,000 and -56,000 of the soluble fraction are, respectively, RCA, and ricin D (30). Both stain with PAS and in the presence of DTT are converted to proteins of lower mol wt (Fig. 4) . The two bands at mol wt -12,000 appear to be the protein allergens described by Youle and Huang (36) . The crystalloid fraction shows one major complex protein band (mol wt -43,000) which is resolved into three components of lower mol wt by DTT. None of the crystalloid proteins stain with PAS (Fig. 4) .
The pattern observed with the membrane proteins is clearly very different from that obtained with either soluble or crystalloid proteins, and shows at once that these latter proteins are not present as contaminants of the membrane preparation. Two major bands of protein, one of mol wt -98,000 and a composite band around mol wt -20,000, are seen. The mobility of these distinctive membrane proteins was not affected by treatment with DTT. PAS staining shows that the major band with mol wt of 98,000 and also a minor protein of mol wt -26,000 are glycosylated. None of these constituents was observed in the soluble or crystalloid fractions.
Phospholipids. When chloroform-methanol extracts of the protein body fractions were subjected to TLC, three major lipid classes were detected by the phospholipid reagent in the purified membrane fraction, but were below the level of detectability in Plant Physiol. Vol (5) except that the protein body membrane has a noticeably higher content of phosphatidylethanolamine. The membrane of the protein body has a considerably higher protein to phospholipid ratio than the other membranes that have been studied (5) .
DISCUSSION
The existence of a single limiting membrane surrounding plant protein bodies has long been established (19) . The possibility of a membrane surrounding the phytin globoid inclusions of the protein body has not been completely resolved. Some authors have reported the existence of a membrane (21, 26) , others have shown a boundary layer which does not have the ultrastructure of a typical biological membrane (9, 23, 27, 30) , or no evidence for any discrete boundary between the globoid and matrix protein (12) . With KMnO4 fixation, a boundary "membrane" can be seen in castor bean protein bodies (30), but it does not have the fine structure of a phospholipid membrane and may represent some sort of protein interface.
Since the isolation of intact protein bodies from dry seeds of castor bean and other oil seeds requires the use of a nonaqueous solvent to prevent solvation of the matrix and subsequent disin- As the probable precursor of the vacuolar membrane of the germinating seedling (2, 29) the high density that we observed for the protein body membrane from the dry seed (1.21 g/cm3) is somewhat surprising. Although the plant tonoplast is not well characterized, reports from a variety of tissues would indicate that most vacuolar membranes equilibrate at low densities around 1.10 g/cm3 in sucrose gradients (14, 15, 20) . Preliminary evidence indicates that the tonoplast from the endosperm of young castor bean seedlings also has a low density (M. Nishimura, personal communication). Several lines ofevidence indicate that the density of our membrane preparation is not artifactually high: extensive centrifugation resulted in a distinct band in the sucrose gradient (Fig. 2) ; addition of KCI, urea, or galactose did not reduce the equilibrium density of the membrane; electron micrographs indicated that the membrane fraction is exceptionally clean and uniform; and gel electrophoresis indicated the lack of soluble or crystalloid protein contamination.
The results suggest that the transformation of the protein body membrane to the tonoplast is not a simple one and may involve an increase in lipids and/or a loss of protein constituents.
